We analyzed 90 polymorphisms in 17 genes related to immune function for association with human cytomegalovirus (HCMV) reactivation and disease in patients after allogeneic stem cell transplantation. We found relevant markers (i) in CCR5 and IL-10 genes conferring a higher risk for the development of HCMV disease and (ii) in the MCP1 gene associated with HCMV reactivation. Testing of high-risk patients for the presence of these single-nucleotide polymorphisms might be useful for individualizing antiviral prophylaxis.
We analyzed 90 polymorphisms in 17 genes related to immune function for association with human cytomegalovirus (HCMV) reactivation and disease in patients after allogeneic stem cell transplantation. We found relevant markers (i) in CCR5 and IL-10 genes conferring a higher risk for the development of HCMV disease and (ii) in the MCP1 gene associated with HCMV reactivation. Testing of high-risk patients for the presence of these single-nucleotide polymorphisms might be useful for individualizing antiviral prophylaxis.
Single-nucleotide polymorphisms (SNPs) may influence the rate and regulatory dynamics of gene transcription, the stability of the mRNA, and the production and biological activity of the resulting protein (14) . Previously, it has been demonstrated that SNPs are associated with susceptibility to inflammation and autoimmune diseases. In particular, SNPs in genes coding for cytokines or cytokine receptors were reported to be associated with increased risks for infections (2) .
Human cytomegalovirus (HCMV), a ubiquitous betaherpesvirus, interacts with various target cells during acute and latent infections. HCMV infection is one of the most challenging complications after allogeneic stem cell transplantation (alloSCT). About half of the patients with HCMV infection not receiving antiviral chemotherapy will develop HCMV disease (7) .
In this study, we genotyped polymorphisms (n ϭ 90) of the loci of the immune-related genes encoding interleukin-4 (IL-4) (5q31.1), IL-6 (7p21), IL-10 (Iq31-q32), IL-12B (5q31-q33), IL-18 (11q22.2-22.3), gamma interferon (IFN-␥) (12q14), tumor necrosis factor alpha (TNF-␣) (6p21.3), small inducible cytokine A20 (CCL20) (2q33-q37), monocyte chemoattractant protein 1 (MCP1) (17q11.2-q12), chemokine CXC motif ligand 10 (CXCL10) (4q21), chemokine receptor 1 (CCR1) (3p21), CCR5 (3p21), CCR6 (6p27), CCR7 (17q12-q21.2), intercellular adhension molecule 1 (ICAM1) (19p13.3-p12.3), Toll-like receptor 2 (TLR2) (4p32), and TLR4 (9q32-q33) for an association between defined SNPs and asymptomatic HCMV reactivation (DNAemia) and HCMV disease. Three groups of patients were analyzed: patients with HCMV reactivation, (group I), patients with HCMV disease (group II), and patients without HCMV reactivation (group III). HCMV reactivation and disease was defined by Ljungman et al. (11) . HCMV disease includes pneumonia, gastrointestinal disease, hepatitis, retinitis, nephritis, cystitis, myocarditis, and pancreatitis. In a series of case-control-type analyses, group III served as controls and will be referred to as the HCMV-negative group, whereas joined groups I and II will be called HCMV positive. The following comparisons were performed: group I versus controls, group II versus controls, group I versus group II, and groups I and II combined versus controls. All 154 patients received an alloSCT.
Between 1994 and 2003, EDTA-anticoagulated whole-blood samples (5 to 10 ml) were collected around 30 days after alloSCT at the University of Perugia, Perugia, Italy (n ϭ 8); the Fred Hutchinson Cancer Research Center, Seattle, Wash. (n ϭ 57); Huddinge University Hospital, Stockholm, Sweden (n ϭ 7); the University of Mannheim, Mannheim, Germany (n ϭ 13); and Medical Hospital II, Tübingen, Germany (n ϭ 69).
For more extensive typing of SNPs in IL-10 and MCP1 genes and for analysis of clinical risk factors, additional patients from the University of Essen, Essen, Germany (n ϭ 74), and Medical Hospital II, Tübingen, Germany (n ϭ 14), were evaluated. DNA was extracted by standard methods based on spin column technology and frozen at Ϫ20°C or Ϫ80°C until further analysis. Retrospective analysis was approved by the local ethics committees.
Genotyping of 83 patients (with HCMV reactivation) and 71 controls (no HCMV reactivation) was performed. The combination of a seronegative donor and a seronegative patient was excluded from the analysis. All donors and patients, including the individuals from the United States, were Caucasians. Details of the patient cohorts are shown in Table 1 .
Genotyping was performed by pyroseqencing on the PSQ HS96A system (Biotage AB, Uppsala, Sweden) or on the ABI 7900 ABI PRISM sequence detection system with TaqMan Assay-By-Design and Assay-On-Demand (Applied Biosystems). Procedures were performed according to the manufacturers' instructions.
For single-marker association analysis, we used the Armitage trend test (15) . The level of significance was set to 0.05. In order to detect effects of population substructure or admixture, as well as systematic genotyping artifacts, all control and patient groups were tested for all markers on Hardy-Weinberg equilibrium. With low genotype counts, an exact test (5) was used; a chi-square test with one degree of freedom was used otherwise.
For the three genes (the CCR5, MCP1, and IL-10 genes) with at least one highly significant association (P Ͻ 0.001) for a single marker, additional haplotype analyses were performed with the programs EHplus (19) and FAMHAP (1). The Monte Carlo permutation method with a minimum of 100,000 replicates was carried out to evaluate empirical P values of the log-likelihood ratio tests comparing the HCMV-positive group versus the HCMV-negative control group for each possible haplotype.
Additionally, we determined whether the following clinical risk factors might be associated with DNAemia and disease: selection of CD34 ϩ cells prior to alloSCT (n ϭ 87); corticosteroid therapy with a dosage of Ͼ2 mg/kg of body weight (n ϭ 145); severe acute graft-versus-host disease (GvHD), grades II to IV (n ϭ 138); and chronic GvHD (n ϭ 83).
By the Armitage trend test, we found no significant association for 71/80 markers and the occurrence of HCMV reactivation or disease (for details, see http://klinik.uni-wuerzburg .de/img/ejbfile/jcm164705supplement.pdf?idϭ3982). Ten markers in the IL-4 and IL-6 genes had to be excluded from the statistical analysis because of a low genotyping call rate. However, 9/80 markers showed a significant association with HCMV reactivation and/or disease (P Ͻ 0.05). These markers are located in the CCR5, MCP1, and IL-10 genes. Five of these nine markers showed P values of Ͻ0.01, indicating a highly significant association with either CMV reactivation or disease (Tables 2 and  3) .
The P values shown in Tables 2 and 3 are single point and unadjusted. As a consequence of multiple testing, a significance level of 0.05 might be regarded too liberal. However, there has been an ongoing discussion about the necessity of P value adjustment in exploratory epidemiological studies since the appearance of Rothman's publication (13) that has been continued recently (6) . These issues are not expected to be resolved soon, and with all relevant data reported, final judgment is left to the reader. Except for marker rs13900 in the MCP1 gene and rs3024496 and rs1518111 in the IL-10, gene, when tested in patients with CMV disease, all markers in the CCR5, IL-10, and MCP1 genes were found not to deviate from Hardy-Weinberg equilibrium, and no deviation from Hardy-Weinberg equilibrium was found in the control group. Thus, there was no indication for population substructure or admixture and for systematic genotyping artifacts.
When individuals with HCMV DNAemia were compared with those with no reactivation regardless of disease, four markers showed a significant association (in the MCP1 and IL-10 genes). Interestingly, both markers of the MCP1 gene were significantly associated with HCMV reactivation; by contrast, neither of the markers in the CCR5 and IL-10 genes were associated with HCMV reactivation. Thus, we presume that HCMV reactivation is associated with polymorphisms in MCP1 gene, whereas disease might be related to polymorphisms in the CCR5 and IL-10 genes.
The haplotype analyses confirmed the association between HCMV and the IL-10 and MCP1 genes showing a corrected P value of 0.0026 for the IL-10 gene and of 0.0447 for the MCP1 gene. In the IL-10 gene, the lowest P value (0.0001) of any marker combination was achieved for the markers rs3024496, rs1800871, and rs1800893. Among several conspicuous haplotypes, the most frequent risk haplotype was CGA, with an odds ratio of 1.65. In the MCP1 gene, the lowest P value (0.0182) corresponded to the two-marker combination of rs1024611 and rs4586 with an odds ratio of 1.70 for the risk haplotype GC. There was no significant haplotypic association when markers within the CCR5 gene were analyzed.
Numerous reports exist that polymorphisms in these genes influence the outcome and course of infectious diseases. The promoter of the IL-10 gene contains several polymorphisms from which the SNPs at positions Ϫ1082, Ϫ819, and Ϫ592 have been intensively analyzed (16) . It has been shown that these polymorphisms determine whether individuals develop severe clinical symptoms after herpesvirus infections (8) . We found significant associations between SNPs at positions Ϫ1117 (rs1800896), 1668 (rs3024492), and 2068 (rs1878672) and the development of HCMV disease.
As the MCP1 gene plays a critical role by directing the migration of monocytes to sites of infection and the promoter has been shown to contain binding sites for the transcription factor NF-B, modifications in this gene are likely to influence innate immunity (17) . One of our significant markers of the MCP1 gene (Ϫ2581, C/T) is localized in this region. Furthermore, we demonstrated that the marker rs2734648 (Ϫ2554, G/T) in the promoter of the CCR5 gene influences susceptibility to HCMV. In parallel, O'Brien and Moore showed that this SNP accelerates the progression of AIDS (12) .
HCMV has developed various strategies for immune evasion to establish a lifelong persisting infection in the host. It is remarkable that HCMV targets exactly those genes which showed susceptibility to the virus in our analysis. For example, HCMV codes for an IL-10 homolog which might allow the virus to suppress cellular immune responses (10) . In addition, HCMV encodes four viral chemokine receptors allowing depletion of chemokines from the medium, such as the receptor that binds MCP1 with high affinity (3) . Furthermore, the downregulation of the cell surface expression of CCR5 reduces the migration of various immune effector cells to sites of inflammation (18) . This highlights the link between HCMV-mediated manipulation of IL-10, MCP1, and CCR5 activity and its ability to escape the immune system.
Analyzing the clinical parameters (Tables 2 and 3) , we found an association between CD34 ϩ selection and HCMV reactivation (P ϭ 0.037) or HCMV disease (P ϭ 0.001). The enrichment of CD34 ϩ cells prior to transplantation leads to a delayed immune reconstitution because of a parallel depletion of B and T cells in the transplant. Furthermore, severe acute GvHD was significantly related to HCMV disease (P ϭ 0.001) while chronic GvHD was significantly associated with HCMV disease only if reactivation versus disease was compared (P ϭ 0.034). Treatment with corticosteroids led to an increase in HCMV reactivation (P ϭ 0.036). These clinical risk factors correspond to previously published observations (4, 9) .
Further studies based on the markers described and including a much larger cohort of patients are being coordinated.
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